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Abstrat. The ontrol of magneti properties by means of an eletri eld
is an important aspet in magnetism and magnetoeletronis. We here utilize
magnetoelasti oupling in ferromagneti/piezoeletri hybrids to realize a voltage
ontrol of magnetization orientation at room temperature. The samples onsist of
polyrystalline nikel thin lms evaporated onto piezoeletri atuators. The magneti
properties of these multifuntional hybrids are investigated at room temperature as
a funtion of the voltage ontrolled stress exerted by the atuator on the Ni lm.
Ferromagneti resonane spetrosopy shows that the magneti easy axis in the Ni
lm plane is rotated by 90
◦
upon hanging the polarity of the voltage Vp applied to
the atuator. In other words, the in-plane uniaxial magneti anisotropy of the Ni
lm an be inverted via the appliation of an appropriate voltage Vp. Using SQUID
magnetometry, the evolution of the magnetization vetor is reorded as a funtion of
Vp and of the external magneti eld. Changing Vp allows to reversibly adjust the
magnetization orientation in the Ni lm plane within a range of approximately 70
◦
.
All magnetometry data an be quantitatively understood in terms of the magneti
free energy determined from the ferromagneti resonane experiments. These results
demonstrate that magnetoelasti oupling in hybrid strutures indeed is a viable option
to ontrol magnetization orientation in tehnologially relevant ferromagneti thin lms
at room temperature.
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1. Introdution
Multifuntional material systems unite dierent, e.g., eletri and magneti,
funtionalities in either a single phase or a heterostruture. They thus are of great
fundamental and tehnologial interest. Given that the eletri and magneti properties
furthermore are oupled, it beomes possible to ontrol either the magnetization by
the appliation of an eletri eld or the eletri polarization via a magneti eld
alone. An eletri eld ontrol of magnetization is partiularly appealing, as it removes
the need to generate magneti elds of suient strength for magnetization swithing
on small length sales  thus enabling novel onepts for high density magneti data
storage appliations. Thus, tehniques to ontrol the magnetization by means of eletri
elds or urrents have reently been vigorously investigated and several shemes for
an eletri ontrol of magnetization have been reported. These inlude the spin-torque
eet [1, 2, 3, 4℄ in spin-valves and magneti tunnel juntions and the diret eletri eld
ontrol of magnetization in intrinsially multiferroi materials [5, 6, 7, 8, 9, 10, 11, 12℄
or in ferromagneti/ferroeletri heterostrutures [13, 14℄. A third, very attrative
approah for the eletri eld ontrol of magnetization takes advantage of the elasti
hannel, i.e., magnetostritive oupling [15, 16, 17, 18, 19, 20, 21, 22, 23℄. We here show
that magnetoelastiity  that is the eet of lattie strain on magneti anisotropy 
in a polyrystalline nikel lm/piezoeletri atuator hybrid struture allows to swith
the magneti easy axis in the Ni lm by 90
◦
at room temperature by simply hanging
the polarity of the voltage applied to the atuator. This an be used to ahieve either
an irreversible magnetization orientation ontrol of 180
◦
or a reversible ontrol lose
to 90
◦
, depending on whether the magnetization orientation is prepared in a loal or
global minimum of the free energy via a magneti eld sweep prior to the eletri
ontrol experiment. We use ferromagneti resonane (FMR) to quantify the eet of an
eletri eld on magneti anisotropy and superonduting quantum interferene devie
(SQUID) magnetometry to diretly reord the evolution of magnetization as a funtion
of the applied eletri eld. These experiments demonstrate that the strain-mediated
eletri eld ontrol of magnetization indeed is a viable tehnique in tehnologially
relevant ferromagneti thin lms at room temperature.
2. Sample preparation and experimental tehniques
We fabriated ferromagneti thin lm/piezoeletri atuator strutures by depositing
nikel (Ni) thin lms onto piezoeletri Pb(ZrxTi1−x)O3-based atuators [24℄. Nikel
was hosen as the ferromagneti onstituent as it is a prototype 3d itinerant ferromagnet
with a Curie temperature Tc = 627K well above room temperature [25℄, a high bulk
saturation magnetizationMs = 411 kA/m [26℄ and sizeable volume magnetostrition [27,
28℄ λ = 2
5
λ100+
3
5
λ111 = −32.9×10
−6
with λ100 and λ111 being the single rystal saturation
magnetostrition for a magneti eld applied along a rystalline < 100 > or < 111 >
axis, respetively. The atuators exhibit a hystereti mehanial stroke of up to 1.3×10−3
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Figure 1. (a) Shemati illustration of the ferromagneti thin lm/piezoeletri
atuator hybrid. (b), (d) The appliation of a voltage Vp 6= 0V to the atuator results
in a deformation of the atuator and the axed ferromagneti lm. The relaxed
atuator at Vp = 0V is shown by dotted ontours. (), (e) Shemati free energy
ontours in the lm plane. The magneti easy axis (e.a.) shown by the thik dashed
line is oriented parallel to the ompressive strain and an thus be rotated by 90
◦
by
hanging the polarity of Vp.
along their dominant elongation axis [f. Fig. 1(a)℄ if voltages −30V ≤ Vp ≤ +150V
are applied. Prior to the deposition of the Ni lm, the atuators were mehanially
polished to a size of x × y × z = 3× 2.6× 2mm3 [f. Fig. 1(a)℄ to aommodate the
size of the sample to the restritions imposed by the ferromagneti resonane setup. We
then used eletron beam evaporation at a base pressure of 2.0× 10−8mbar to deposit a
70 nm thik Ni lm onto an area of 5mm2 on the xˆ-yˆ fae of the atuators. To prevent
oxidation of the Ni lm, a 10 nm thik Au lm was deposited in-situ on top of the Ni
layer. The multifuntional hybrid obtained after Ni deposition is skethed shematially
in Fig. 1(a) together with the denition of the angles that desribe the orientation of
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the magnetization M = (M,Θ,Φ) and the external magneti eld H = (H, θ, φ) in the
sample-axed oordinate system.
To determine the stati magneti response of the ferromagneti thin
lm/piezoeletri atuator hybrid we employ superonduting quantum interferene de-
vie (SQUID) magnetometry. The Quantum Design MPMS-XL-7 SQUID magnetome-
ter is sensitive to the projetion m = mHˆ of the total magneti moment m onto the
unit vetor Hˆ = H
H
. We orreted m for the paramagneti ontribution of the atuator
and used the Ni lm volume V = 3.5× 10−13m3 to alulate the respetive projetion
M = m/V of the magnetization onto Hˆ. All magnetometry data shown in the following
were reorded at a temperature T = 300K.
The magneti anisotropy of the ferromagneti thin lm/piezoeletri atuator
hybrid was measured by ferromagneti resonane (FMR) at room temperature. We
use a Bruker ESP 300 spin resonane spetrometer with a TE102 avity operating at a
onstant mirowave frequeny νMW = 9.3GHz. The sample an be rotated in the FMR
setup with respet to the external d magneti eld, so that either θ or φ [f. Fig. 1(a)℄
an be adjusted at will. To allow for lok-in detetion we use magneti eld modulation
at a modulation frequeny of 100 kHz with a modulation amplitude of µ0Hmod = 3.2mT.
3. Phenomenology of strain-indued magneti anisotropy
The piezoeletri atuator deforms upon the appliation of a voltage Vp 6= 0V. Due
to its elastiity, an elongation (ontration) along one artesian diretion is always
aompanied by a ontration (elongation) in the two orthogonal diretions. Therefore,
for Vp > 0V, the atuator expands along its dominant elongation axis yˆ and ontrats
along the two orthogonal diretions xˆ and zˆ. The Ni lm axed to the xˆ-yˆ fae of the
atuator is hene strained tensilely along yˆ and ompressively along xˆ for Vp > 0V [f.
Fig. 1(b)℄. For Vp < 0V the atuator ontrats along yˆ and thus expands along xˆ and
zˆ and the Ni lm thus exhibits a ompressive strain along yˆ and a tensile strain along
xˆ [f. Fig. 1(d)℄.
To desribe the impat of this lattie strain on the Ni magnetization orientation
we use a magneti free energy density approah. The free energy Ftot is a measure for
the angular dependene of the magneti hardness, with maxima in Ftot orresponding
to magnetially hard diretions and minima to magnetially easy diretions. In
equilibrium, the magnetization always resides in a loal minimum of Ftot. Contrary
to single-rystalline lms, the evaporated Ni lms are polyrystalline and thus show no
net rystalline magneti anisotropy whih may ompete with strain-indued anisotropies
and hereby redue the ahievable magnetization orientation eet [19℄. Ftot is thus given
by
Ftot = Fstat + Fdemag + Fmagel . (1)
The rst term Fstat = −µ0MH(sinΘ sinΦ sin θ sin φ+cosΘ cos θ+sinΘ cosΦ sin θ cosφ)
in Eq. (1) is the Zeemann term and desribes the inuene of an external magneti
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eld H on the orientation of M. The uniaxial demagnetization term Fdemag =
µ0
2
M2 sin2Θcos2Φ is the anisotropy aused by the thin-lm shape of the sample [29℄.
The last ontribution to Eq. (1)
Fmagel =
3
2
λ
(
cNi12 − c
Ni
11
)
[ε1(sin
2Θ sin2Φ− 1/3) (2)
+ ε2(cos
2Θ− 1/3) + ε3(sin
2Θcos2Φ− 1/3)]
desribes the inuene of the lattie strains on the magneti anisotropy [27℄. The strains
along the xˆ-, yˆ- and zˆ-axis are denoted in Voigt (matrix) notation [30℄ as ε1, ε2 and ε3,
respetively. Furthermore, cNi11 = 2.5× 10
11N/m2 and cNi12 = 1.6× 10
11N/m2 are the
elasti moduli of Ni [28℄. The eets of shear strains (εi, i ∈ {4, 5, 6}) average out in our
polyrystalline lm and thus are negleted.
Using sin2Θ sin2Φ+cos2Θ+sin2Θcos2Φ = 1 and omitting isotropi terms, Eq. (2)
an be rewritten as
Fmagel = Ku,magel,y cos
2Θ+Ku,magel,z sin
2Θcos2Φ (3)
with
Ku,magel,y =
3
2
λ(cNi12 − c
Ni
11)(ε2 − ε1) (4)
Ku,magel,z =
3
2
λ(cNi12 − c
Ni
11)(ε3 − ε1) .
Due to the elastiity of the atuator and the Ni lm, the strains εi are not
independent of eah other. The strains ε1 and ε2 in the xˆ-yˆ plane are linked by the
Poisson ratio ν = 0.45 of the atuator [24℄ aording to
ε1 = −νε2 . (5)
Furthermore, due to the elastiity of the Ni lm, the out-of-plane strain ε3 an be
expressed as [19℄
ε3 = −
cNi12
cNi11
(ε1 + ε2) . (6)
Assuming a linear expansion of the atuator with lateral dimension L parallel to its
dominant elongation axis, we an alulate the strain in the Ni lm parallel to the
atuator's dominant elongation axis as
ε2 =
δL
L
Vp
180V
, (7)
where δL/L = 1.3 × 10−3 is the nominal full atuator stroke for the full voltage swing
−30V ≤ Vp ≤ +150V. With Eqs. (5), (6) and (7) all strains in the Ni lm an
thus diretly be alulated for any given voltage Vp. This allows to determine the
equilibrium orientation of the magnetization as a funtion of Vp by minimizing the total
magnetoelasti free energy density Ftot [Eq. (1)℄.
Due to the negative magnetostrition (λ < 0) of Ni and cNi11 > c
Ni
12, the in-plane easy
axis of Ftot is oriented orthogonal to tensile and parallel to ompressive strains in the
absene of external magneti elds. Due to the strong uniaxial out-of-plane anisotropy
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aused by Fdemag, the in-plane easy axis is the global easy axis. For Vp > 0V, the
Ni lm exhibits a tensile strain along yˆ (ε2 > 0) and a ompressive strain along xˆ
(ε1 < 0). The easy axis of Ftot is thus oriented along the xˆ-diretion [f. Fig. 1()℄.
Aordingly, for Vp < 0V, the easy axis of Ftot is oriented parallel to the ompressive
strain along yˆ and orthogonal to the tensile strain along xˆ [f. Fig. 1(e)℄. We thus
expet a 90
◦
rotation of the in-plane easy axis of Ftot upon hanging the polarity of Vp.
Note that in the absene of external magneti elds there are always two energetially
equivalent antiparallel orientations of M along the magneti easy axis. However, for
simpliity, we only show one of the two resulting possible in-plane orientations of M in
Figs. 1(b) and 1(d). Nevertheless these panels show that it should be possible to hange
the orientation of M from M||xˆ to M||yˆ via the appliation of appropriate voltages Vp
to the atuator.
The total magneti free energy density Ftot in Eq. (1) is experimentally aessible
by ferromagneti resonane measurements. The FMR equations of motion [31, 32, 33℄(
ω
γ
)2
=
1
M2s sin
2Θ
((
∂2ΦFtot
) (
∂2ΘFtot
)
− (∂Φ∂ΘFtot)
2
)
|Θ0,Φ0 (8)
and ∂ΘFtot|Θ=Θ0 = ∂ΦFtot|Φ=Φ0 = 0
link the experimentally determined ferromagneti resonane eld µ0Hres to the magneti
free energy density Ftot. In Eq. (8), γ is the gyromagneti ratio and ω = 2piνMW with the
mirowave frequeny νMW. The eet of damping is negleted in Eq. (8), as damping
only aets the lineshape whih will not be disussed in this artile. We note that
the FMR resonane eld µ0Hres measured in experiment an be onsidered as a diret
indiator of the relative magneti hardness along the external d magneti eld diretion.
From Eqs. (1) and (8) one nds that smaller resonane elds orrespond to magnetially
easier diretions and larger resonane elds to magnetially harder diretions.
4. Ferromagneti resonane
In this Setion, we quantitatively determine the magneti anisotropy of our ferromag-
neti thin lm/piezoeletri atuator hybrid struture using FMR measurements. Fig-
ure 2(a) shows four FMR spetra reorded at room temperature with H||yˆ and a volt-
age Vp ∈ {−30V, 0V, 30V, 90V} applied to the atuator, respetively. Eah spetrum
shows one strong ferromagneti resonane whih  due to the magneti eld modula-
tion and lok-in detetion  has a lineshape orresponding to the rst derivative of a
Lorentzian line [34℄. The resonane eld µ0Hres of a given FMR line is determined as
the arithmeti mean of its maximum and minimum and depited by the full squares
in Fig. 2(a). The gure shows that, with the external magneti eld H||yˆ, µ0Hres is
shifted to higher magneti elds for inreasing Vp, while the lineshape is not signiantly
hanged. Aording to Eqs. (1) and (8), this implies that the yˆ diretion beomes in-
reasingly harder as Vp is inreased.
To determine the evolution of µ0Hres with Vp in more detail, we reorded FMR
spetra similar to those shown in Fig. 2(a) for Vp inreasing from −30V to +90V
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ontrolled inversion of magneti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Figure 2. (a) FMR spetra reorded with H||yˆ at dierent voltages Vp. An
inreasing resonane eld µ0Hres (solid squares) is observed for inreasing Vp while
the lineshape is not signiantly altered. (b) The dependene of µ0Hres on Vp is
qualitatively dierent for H||yˆ and H||xˆ. Full symbols orrespond to inreasing Vp
and open symbols to dereasing Vp. The solid lines represent the resonane elds
alulated from magnetoelasti theory (f. Se. 3) yielding very good agreement with
the measurement. For H||yˆ, inreasing Vp inreases µ0Hres and thus the magneti
hardness of this diretion, while for H||xˆ, inreasing Vp dereases µ0Hres and thus the
magneti hardness of this diretion. The hysteresis of µ0Hres is due to the hystereti
stress-strain urve of the atuator.
(upsweep) and dereasing bak to −30V (downsweep) in steps of ∆Vp = 10V. For
H||yˆ, we obtain the resonane elds shown by the squares in Fig. 2(b). Here, full
squares depit the upsweep and open squares the downsweep of Vp. As disussed in the
ontext of Fig. 2(a), Fig. 2(b) shows that the FMR resonane eld for H||yˆ inreases
with inreasing Vp and dereases with dereasing Vp. The small hysteresis between
up- and downsweep is due to the hystereti expansion of the atuator [24℄. Carrying
out the same series of FMR measurements with H||xˆ yields the resonane elds shown
by the triangles in Fig. 2(b). For this magneti eld orientation, µ0Hres dereases for
inreasing Vp and vie versa. In terms of magneti anisotropy we thus an onlude that
the xˆ diretion beomes easier for inreasing Vp while at the same time the yˆ diretion
simultaneously beomes harder.
For a more quantitative disussion we have also plotted the behavior expeted from
Eqs. (1) and (8) as solid lines in Fig. 2(b). These lines show the resonane elds obtained
by assuming a linear, non-hystereti voltage-strain relation [f. Eq. (7)℄ and solving
Eq. (8) with Ftot from Eq. (1). We use a saturation magnetization Ms = 370 kA/m
as determined by SQUID measurements and a g-fator of 2.165 [35℄. Considering the
fat that the atuator expansion saturates at high voltages and the data in Fig. 2(b)
only show a minor loop of the full atuator swing, the simulation is in full agreement
to the experimental results. This demonstrates that for Vp < 0V the yˆ-diretion is
magnetially easier than the xˆ-diretion, while for Vp > 0V the xˆ-diretion is easier
than the yˆ-diretion. Moreover, at Vp = 0V, both measurement and simulation yield
Voltage ontrolled inversion of magneti anisotropy 8
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Figure 3. (a) The symbols show the FMR resonane eld µ0Hres(θ) obtained for
a onstant atuator voltage Vp = −30V (open triangles) and Vp = +20V (solid
irles) as a funtion of the orientation θ of H in the sample plane. A uniaxial
(180
◦
periodi) anisotropy of µ0Hres(θ) is observed for both voltages. However, the
easy axis is rotated by 90
◦
as Vp is hanged from +20V to −30V. The full lines
show the resonane elds simulated using the anisotropy onstants from Eq. (9). (b)
Corresponding experiments with H rotated in the yˆ plane (from within the Ni lm
plane to out-of-plane). Regardless of Vp, a strong uniaxial anisotropy with the hard
axis perpendiular to the lm plane is observed. The inset shows that the resonane
elds for H in the lm plane (φ = 90◦ and φ = 270◦) are still shifted as a funtion of
Vp in aordane to the data shown in (a) for θ = 90
◦
and θ = 270◦.
resonane elds of µ0Hres ≈ 150mT for H||yˆ as well as H||xˆ. Thus, at this voltage,
both orientations xˆ and yˆ are equally easy in our sample.
To quantitatively determine the full magneti anisotropy as a funtion of Vp, we
reorded FMR traes at onstant Vp for several dierent H orientations. The FMR
resonane elds thus determined in experiment are shown in Fig. 3 together with
simulations aording to Eqs. (1) and (8). The open triangles in Fig. 3 represent
the resonane elds obtained for Vp = −30V and the full irles those obtained for
Vp = +20V. Note that in the polar plots in Fig. 3, the distane of µ0Hres from
the oordinate origin is an indiator of the magneti hardness, with easy diretions
orresponding to small distanes and hard diretions to large distanes.
If H is rotated in the lm plane [f. Fig. 3(a), φ = 90◦℄, the obtained µ0Hres(θ)
shows minima at θ = 0◦ and θ = 180◦ for Vp = −30V and at θ = 90
◦
and θ = 270◦
for Vp = +20V, respetively. Thus, a lear 180
◦
periodiity of the resonane elds and
hene a uniaxial magneti anisotropy is observed for both Vp. As the orientations θ
orresponding to minima of µ0Hres for one voltage oinide with maxima for the other
voltage, we onlude that the diretion of the easy axis is rotated by 90
◦
if Vp is hanged
from Vp = −30V to Vp = +20V. This is exatly the behaviour expeted aording to
Figs. 1() and 1(e).
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If H is rotated from within the lm plane (φ = 90◦, θ = 90◦) to perpendiular to
the lm plane (φ = 0◦, θ = 90◦), we obtain the resonane elds shown in Fig. 3(b). In
this ase, we observe a strong uniaxial anisotropy with a hard axis perpendiular to the
lm plane regardless of Vp, stemming from the Vp-independent ontribution Fdemag to
Ftot. The inset in Fig. 3(b) shows that for H in the lm plane, the resonane elds for
Vp = −30V and Vp = +20V are shifted by approximately 10mT in full aordane to
the data in Fig. 3(a).
As disussed in Setion 3, the Vp dependene of the resonane eld is given by a
Vp dependene of Fmagel. We thus evaluate the measurement data shown in Figs. 3(a,b)
using an iterative tting proedure of Ku,magel,y in Eq. (1) to fulll Eq. (8). We obtain
Ku,magel,y(−30V)/Ms = −3.4mT (9)
Ku,magel,y(+20V)/Ms = 4.4mT .
The resonane elds alulated using these anisotropy elds as well as Eqs. (8) and (1)
are depited by the lines in Fig. 3. The good agreement between simulation and
experiment shows that Ftot given by Eq. (1) is suient to desribe the magneti
anisotropy of the Ni lm.
In summary, the FMR experiments onlusively demonstrate that it is possible
to invert the in-plane magneti anisotropy of our hybrid struture, i.e. to invert the
sign of Ku,magel,y solely by hanging Vp. As the FMR experiment furthermore allows to
quantitatively determine all ontributions to the free energy, Eq. (1), the orientation of
the magnetization vetor M in our sample an be alulated a priori for arbitrary H
and Vp. However, it is not possible to diretly measure the magnetization orientation as
a funtion of Vp with FMR. To demonstrate that the piezo-voltage ontrol of magneti
anisotropy indeed allows for a voltage ontrol of M, we now turn to magnetometry.
5. Magnetometry
In this Setion, we show that it is possible to not only hange the magneti anisotropy
but to deliberately irreversibly and/or reversibly rotate M simply by hanging Vp.
To this end, we need to employ an experimental tehnique that is diretly sensitive
to the orientation of M rather than to magneti anisotropies. Here we used SQUID
magnetometry to reord the projetion m of the total magneti moment m onto the
diretion of the external magneti eld H.
In a rst series of experiments we reorded m as a funtion of the external magneti
eld magnitude µ0H at xed orientations of H and xed voltages Vp at T = 300K.
Figure 4(a) shows M = m/V measured with H||yˆ as a funtion of the external magneti
eld strength at onstant voltage Vp = +30V (full irles) and Vp = −30V (open
triangles). The Ni lm shows a retangular M(H) loop for Vp = −30V, while for
Vp = +30V the remanent magnetization is lowered by a fator of approximately three.
Aording to, e.g., Morrish [29℄, the retangular loop for Vp = −30V indiates a
magnetially easy axis, while the smooth, s-shaped loop for Vp = +30V indiates a
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Figure 4. (a)M(H)-loops reorded with H||yˆ show a higher remanent magnetization
for Vp = −30V than for Vp = +30V, thus the yˆ-axis is magnetially easier for
Vp = −30V than for Vp = +30V. (b) The xˆ-axis is magnetially easier for Vp = +30V
than for Vp = −30V.
magnetially harder axis. Thus Fig. 4(a) shows that the yˆ-diretion is magnetially
easier for Vp = −30V and harder for Vp = +30V  as expeted from the FMR
experiments. Changing the orientation of H to H||xˆ yields the M(H)-loops shown
in Fig. 4(b). Following the same line of argument we an onlude that the xˆ-diretion
is magnetially easier for Vp = +30V and harder for Vp = −30V. Altogether these
results show that we observe an in-plane anisotropy, the easy axis of whih is parallel
to yˆ for Vp = −30V and parallel to xˆ for Vp = +30V. These observations are fully
onsistent with the FMR results, and orroborate the simple model shown in Fig. 1.
Before disussing further experimental magnetometry results, we note that the free
energy minima shown in Fig. 1(,e) as well as the in-plane resonane elds in Fig. 3(a)
are degenerate by 180
◦
. This degeneray may lead to demagnetization due to domain
formation if the polarity of Vp is repeatedly inverted as there are always two energetially
equally favorable but opposite diretions of M. Thus, to ahieve a reversible ontrol
of M orientation, the degeneray of Ftot needs to be lifted. This an be ahieved if a
unidiretional anisotropy is superimposed on the uniaxial anisotropy. Regarding Ftot
in Eq. (1), only Fstat possesses the desirable unidiretional anisotropy. Hene, a small
but nite external magneti eld H 6= 0 an be used to lift the 180◦ degeneray. This
approah works for all H orientations, exept for H exatly parallel xˆ or yˆ. For H||xˆ
(with H > 0), the easy axis parallel to xˆ in Fig. 1() is replaed by an easier positive
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Figure 5. SQUID M(Vp)-loops show the projetion M of the magnetization M
onto the diretion of the applied magneti eld H as a funtion of Vp. The symbols
represent the experimental data and the lines show the simulation ofM resulting from
a minimization of Ftot [Eq. (1)℄, with ε2 determined using a strain gauge to expliitly
take into aount the atuator hysteresis. (a) ForH||yˆ with µ0H = −3mT, M exhibits
an irreversible rotation from A to B followed by a reversible rotation from B to C. (b),
() For H||yˆ and H||xˆ with µ0H = −5mT, M exhibits a reversible rotation from A
to B and bak to A.
xˆ diretion and a harder negative xˆ diretion, thus the degeneray is lifted for Vp > 0.
However, for Vp < 0 [f. Fig. 1(e)℄ a magneti eld H||xˆ is orthogonal to the easy axis
whih thus remains degenerate. The same onsideration holds for H||yˆ where we expet
degenerate free energy minima for Vp > 0 and a preferred M orientation for Vp < 0.
However, in experiment it is essentially impossible to orient H exatly along xˆ or yˆ; any
small misorientation between H and xˆ or yˆ is suient to lift the degeneray.
We now turn to the experimental measurement of the voltage ontrol of M
orientation. To show that M an be rotated by varying Vp alone, we hange Vp
at onstant external magneti bias eld H. As SQUID magnetometry is limited to
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Figure 6. Calulated free energy ontours in the lm plane at the points of the
M(Vp)-loop depited by apital letters in Fig. 5 (solid lines: Vp = +120V, dotted lines:
Vp = −30V). To larify the lifting of the free energy degeneray by the magneti eld,
an angle of 10
◦
between the magneti eld and the xˆ or yˆ axis was assumed. The open
downward-oriented arrows depit the orientation of H during the eld preparation at
7T and the losed downward-oriented arrows depit the orientation of H during the
atual measurement. Capital letters indiate the equilibrium M orientation at the
orresponding positions in Fig. 5. (a) Subsequent to the eld preparation at −30V,
M resides in a loal minimum of Ftot (point A) at µ0H = −3mT and rotates to the
global minimum of Ftot at (point B) as Vp is inreased to Vp = +120V. Sweeping the
voltage from +120V to −30V now results in M following the global minimum of Ftot.
(b), () For µ0H = −5mT, M follows the global minimum of Ftot as Vp is hanged.
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reording the projetion of M on the diretion of the external magneti eld H, it is
important to hoose appropriate H orientations in the experiments. As evident from
Figs. 1 and 4, H||xˆ and H||yˆ are the most interesting orientations of the external
magneti eld. In view of the irumstane disussed in the previous paragraph, we
applied H to within 1◦ of xˆ or yˆ, respetively. We still refer to these orientations of
H as H||xˆ and H||yˆ for simpliity, but take into aount a misalignment of 1◦ in the
alulations. As the experimental results and the orresponding simulations will show,
this slight misalignment is suient to lift the degeneray in the free energy regardless
of Vp.
Reording M as a funtion of Vp for two omplete voltage yles −30V ≤ Vp ≤
+120V with H||yˆ and µ0H = −3mT yields the data points shown in Fig. 5(a). Sine
H||yˆ, M is the projetion of M to the yˆ diretion in the experiment. Prior to the rst
voltage sweep starting at point A, the voltage was set to Vp = −30V and the sample
was magnetized to a single domain state by applying µ0H = +7T along yˆ whih is
the easy axis for Vp = −30V. The magneti eld was then swept to µ0H = −3mT
whih is lose to but still below the oerive eld of the retangular loops [f. Fig. 4℄
and the aquisition of the M(Vp) data was started. The fat that M is positive at rst
(starting from point A), while the eld is applied along the negative yˆ diretion, shows
that M and H are essentially antiparallel at rst. Upon inreasing Vp in steps of +5V
to Vp = +120V (point B), M vanishes, whih indiates an orthogonal orientation of M
and H. Upon reduing Vp to its initial value of −30V, M beomes negative (point C),
evidening a parallel orientation of M and H. The Vp yle was then repeated one
more, with M now reversibly varying between its negative value at point C and zero at
B. Hene the evolution of M is qualitatively dierent in the rst and in the seond Vp
yle, with an irreversible M rotation in the rst yle and a reversible M rotation in
the seond yle. This behaviour is expeted from the magneti free energy [f. Eq. (1)℄
as the preparation (point A) yields M in a metastable state (M antiparallel H).
After a renewed preparation with µ0H = +7T at Vp = −30V, we repeated the
experiment with the external magneti eld H||yˆ but with a slightly larger magnitude
µ0H = −5mT and again reorded M for a omplete voltage yle. The magneti eld
magnitude of µ0H = −5mT was hosen as it exeeds the oerive eld (f. Fig. 4)
while keeping the inuene of the Zeemann term in Eq. (1) on the total magneti
anisotropy omparable to the inuene of the strain-indued anisotropies [f. Eq. (9)℄.
The experimental data are shown by the symbols in Fig. 5(b). Here a parallel orientation
of M and H is already observed at point A (Vp = −30V) and M rotates reversibly by
approximately 70
◦
towards point B (Vp = +120V) and bak when Vp is redued to
−30V again (point A).
To omplete the piture, we repeated theM(Vp) experiment again, but now applied
H||xˆ. The magneti preparation with µ0H = 7T was now performed at Vp = +120V
to ensure that the preparation eld was again applied along an easy axis. The data
reorded subsequently at µ0H = −5mT [f. Fig. 5()℄ show a reversible rotation of M
by approximately 60
◦
between points A, B (Vp = −30V) and bak to A.
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To quantitatively simulate the evolution of M with Vp depited in Fig. 5, we again
took advantage of the fat that the free energy of the Ni lm is known from the FMR
experiments. To aount for the hysteresis of the atuator expansion whih is responsible
for hysteresis in theM(Vp) loops in Fig. 5, we hereby used ε2 as measured using a Vishay
general purpose strain gauge in the voltage range of −30V ≤ Vp ≤ +120V. The ε2
data thus obtained are in aordane with the atuator data sheet. Using ε2(Vp) as
well as the material onstants given above we obtained in-plane free energy ontours for
eah voltage Vp. Figure 6 exemplarily shows suh free energy ontours at the voltages
depited by the apital letters in Fig. 5. To learly visualize the eet ofHmisalignment
with respet to the sample oordinate system on Ftot, the plots in Fig. 6 were alulated
assuming a misalignment in the in-plane orientation of the external magneti eld θ
of 10
◦
, so that θ = 10◦ for H||yˆ and θ = 100◦ for H||xˆ. Figure 6 learly shows that
under these onditions the loal minima of Ftot are non-degenerate for Vp = −30V and
Vp = +120V.
To determine the orientation of M, we traed the minimum of the total free energy
Ftot as a funtion of Vp. This was done by minimizing Eq. (1) with respet to the
in-plane orientation Θ of M, whilst assuming that Φ = 90◦ due to the strong shape
anisotropy.
To simulate the experimental M(Vp)-loops [f. Fig. 5℄, we assume a more realisti
misalignment of 1
◦
in θ and numerially minimize Ftot(Θ) as a funtion of Vp. For this,
we set the initial value of Θ antiparallel to the external magneti eld for µ0H = −3mT
and parallel to the external magneti eld for µ0H = −5mT. Minimizing Ftot(Θ)
determines the M orientation whih we projet onto the yˆ or xˆ axis to yield M . For
this, the magnitude of M is hosen to give a good t to the experimental data at points
A and is assumed to remain onstant independent of Vp.
The resulting simulations ofM are shown by the solid lines in Fig. 5. The simulation
yields the experimentally observed irreversible M rotation during the rst voltage sweep
in Fig. 5(a) as well as the reversible M rotations in the seond voltage sweep in Fig. 5(a)
and in Figs. 5(b,). The simulated total swing of M is in exellent agreement with
the experimental results for H||yˆ and in good agreement for H||xˆ. The fat that the
experimental results exhibit a more rounded shape than the simulation is attributed
to domain formation during the magnetization reorientation, whih is negleted in the
simulation.
Taken together, the free energy density of Eq. (1) with the ontributions
quantitatively determined from FMR and our simple simulation ofM(Vp) yield exellent
agreement with experiment. In partiular, we would like to emphasize that for the
experiment and the simulation the appliation of Vp leads to a rotation of M and not
to a deay into domains. This is evident from the fat that in Figs. 5(a) and 5(b), a
large projetion of M onto yˆ is aompanied by a small projetion onto xˆ and vie
versa. Combining FMR and SQUID magnetometry, we thus have unambiguously and
quantitatively demonstrated that M an be rotated reversibly by about 70◦ at room
temperature solely via the appliation of appropriate voltages Vp.
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6. Summary
The FMR measurements show that the in-plane anisotropy of Ni/piezoator hybrids
an be inverted if the polarity of the voltage applied to the atuator is hanged. The
magnetometry results orroborate this result and furthermore show that it is possible
to irreversibly or reversibly rotate M solely by hanging Vp. For an irreversible M(Vp)
rotation, an appropriate preparation of M using a magneti eld sweep is neessary 
i.e. M must be aligned in a loal free energy minimum. It then an be rotated out of
this minimum by hanging Vp and the orresponding M orientation hange an amount
to up to 180
◦
. However, this voltage ontrol of M is irreversible in the sense that M an
not be brought bak into the original orientation by hanging Vp alone. Rather, a seond
appropriate magneti eld sweep is required to align M into its original orientation. In
ontrast, the reversible M(Vp) reorientation requires a preparation of M only one. In
this ase, M is oriented along a global free energy minimum, and an be rotated within
up to 70
◦
(90
◦
in the ideal ase) at will by applying an appropriate Vp. The M(Vp)-
loops simulated by minimizing the single-domain free energy [Eq. (1)℄ are in exellent
agreement with experiment, showing that the M orientation at vanishing magneti eld
strengths an still be aurately alulated from the free energy determined from FMR.
Finally, we would like to point out that the hystereti expansion/ontration of the
atuator visible as a hysteresis in M(Vp) [f. Fig. 5℄ in partiular also leads to distintly
dierentM(Vp = 0), depending on the Vp history. Thus, our data also demonstrate that
a remanent M ontrol is possible in our ferromagneti thin lm/piezoeletri atuator
hybrids.
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